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Abstract
This thesis presents three mechanical structures designed for efficient energy sys-
tems. In [3], Cooley presents a modification of a fluorescent lamp which allows it
to detect nearby occupants and dim itself automatically. This modification presents
marketability challenges, as a metal electrode must be suspended from the lamp, but
one solution is to integrate an electrode holder into the bulb socket. We present one
design for such an integrated electrode. Second, we discuss the creation of a homopo-
lar motor to convert the low-voltage electrical power available from a thermoelectric
wafer, which could be powered by waste heat. We are able to achieve brushes and
bearings with electrical resistance as low as 70 mQ and friction torque under 300
,/N.m to demonstrate a proof-of-concept test setup. The demonstrated electromotive
force constant is 82 V using a 1 inch diameter, 5500 gauss magnet. Finally, we
discuss the application of waste heat harvesting to household water heating, and dis-
cuss several designs for a water heater with integrated attachment points for waste
heat producing devices.
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Chapter 1
Introduction
One of societies foremost problems today is the increasing price and scarcity of avail-
able energy. One way to alleviate this problem is to decrease the amount of time that
energy consuming devices are used. Another option is to increase the efficiency of
energy consuming systems so that waste is minimized. Since devices cannot be made
perfectly efficient, there also exists the possibility of harnessing and reusing the waste
energy that is given off by these inefficient systems. This thesis presents three novel
mechanical systems which each demonstrate one method of decreasing energy use.
The lighting of unoccupied rooms is one area of energy waste that has been ex-
tensively researched. One promising new technology for reducing wasted lighting of
unoccupied spaces is demonstrated in references by Cooley, who presents fluorescent
lamp sensors which measure changes in the stray electric fields from the lamp that are
present under normal operating conditions [1, 2]. These lamp sensors are able to de-
tect building occupants with the electric field measurements and then dim or brighten
each lamp individually as needed [3]. To measure the electric field, a metal electrode
must be suspended underneath the bulbs. This presents marketability challenges for
the lamp sensors, but one solution is to integrate the electrodes into the bulb sockets
at either end of the lamp. In Chapter 2, the design and construction details for a
novel fluorescent bulb socket with an integrated electrode holder are presented.
Another way to conserve energy is to harvest the waste heat dissipated by ma-
chinery and circuitry. Thermoelectric wafers can transform heat energy into electrical
energy, but current technology only produces very low voltage levels [5, 7, 8, 12]. In
Chapter 3, we discuss the creation of a novel homopolar motor designed to run off of
the low voltages available from a thermoelectric wafer. An experimental test setup is
also constructed and analyzed.
Finally, household energy efficiency can also be increased by reusing the heat
produced from inefficient devices in the home. For example, personal computers,
fluorescent lamp ballasts, and refrigerators produce hundreds to thousands of watts
of waste heat [10]. As a result, more energy needs to be spent cooling the home.
Additionally, many homes also have a water heater in the basement, where even
more energy is spent to provide a source of hot water [10, 13]. If the waste heat from
inefficient devices could be applied to the hot water supply, a significant energy savings
could be realized. In Chapter 4, a design for a household water heater powered by
the waste heat from inefficient devices is presented, and several different mechanisms
for easily attaching heat-producing devices are explored.
Chapter 2
An Electrode Holder for a
Proximity-sensing Fluorescent
Lamp
2.1 Background
One situation in which energy is wasted is the lighting of unoccupied rooms. Motion
detection systems are popular, but they have several problems. One is that a user
merely working at a desk often finds himself in the dark if he does not wave his arms
periodically, and another is that the whole room is illuminated, instead of only the
occupied portion. Instead, Cooley has demonstrated that fluorescent lights themselves
can be modified to be used as proximity detectors by measuring changes in the stray
electric fields from the lamp to detect occupants, enabling fine-grain motion and
presence measurements [1]. In [3] Cooley demonstrates how the lamp sensor can be
used so that if someone walks or stands near the light, their presence is detected and
the light can be activated until they move away.
A typical capacitive proximity sensor uses a transmitting electrical element to ca-
pacitively couple ac signals to other conductors in the system. In the lamp sensor, the
fluorescent bulbs act as the signal source, and the sensor measures changes caused
by occupation in the electric fields from the lamp that are present under normal
operating conditions. Since many institutions already have these fluorescent lamps
installed, they can be economically retrofit to act as proximity sensors. This involves
replacing the lamp ballast with new electronic circuitry and installing a metal elec-
trode several inches from the bulbs, as shown in Figure 2.1.1. The marketability
issues involved with adding electrodes to the lamp may be partially overcome by in-
tegrating them into the lamp structure. This thesis presents a design for a mechanical
structure which replaces the existing twist-in bulb sockets and holds an electrode at
an adjustable location. [2]
Electrode 1
Figure 2.1.1: A diagram of the proximity-detecting fluorescent lamp, showing desired
electrode placement [2]. Two electrodes are spaced symmetrically in front of the lamp
to create a balanced structure for differential measurements.
2.2 Design
The key functional requirement of this device is that it reliably holds the electrodes
in a fixed position relative to the fluorescent lamp bulbs. However, it must not
contain any conductors or dielectric material, as those would interfere with the sensing
operation. As the proximity detecting lamp is still under development, it is also
important that this holder be adjustable.
The design shown in Figure 2.2.1 addresses each of these requirements with a
two-part system. One part contains the bulb sockets as well as mounting holes for
the second part, which holds the electrode itself. By combining the electrode holder
with the bulb socket, the distance from the end of the bulb to the electrodes is
fixed. The mounting holes are spaced 1/4 inch apart, so that the electrode can be
placed anywhere from 3 to 6 inches from the socket. The height of the electrode
is also variable, from 1 to 6 inches from the bulb center. These parameters can be
independently varied by choosing the appropriate mounting holes in each part. The
electrode can also be swung out for easy replacement of fluorescent bulbs.
Figure 2.2.1: The fluorescent lamp bulb socket and electrode holder. The system
consists of the socket part, the electrode holder part, and the electrode. The electrode
holder is shown in one of the possible attachment positions. The electrode spacing
and depth can be independently adjusted.
2.3 Manufacturing
This device can be easily manufactured using a Computer-Numeric-Controlled (CNC)
mill. Any stiff insulating material, such as plastic, is effective. The rough cuts are
made with a 1/2 inch end mill, and the more detailed work is done with a 1/8 inch
end mill. After the parts are milled, the mounting holes are drilled out, and the
holes on the socket part are tapped to have threads. Assembly is completed with two
plastic screws tightened such that the electrode does not swing down under its own
weight, but can be moved aside by hand for bulb replacement. The design is easily
modified for any set of spacing or positioning requirements.
The design presented here is extensively adjustable, as its main purpose is to assist
in the research and development of the proximity sensing fluorescent lamp system.
However, if the system is to be mass-produced, an optimal electrode position can be
determined and the simplicity of this device can be significantly increased. The parts
can be reduced in size by omitting the unused portion, and the manufacturing time
can be reduced by drilling and tapping only one set of holes for assembly, rather than
leaving the user many options.
Chapter 3
A Homopolar Motor For Use With
Thermoelectric Wafers
3.1 Background
In Chapter 2, we discussed a structure that might increase the marketability of a
lighting energy management system. In this chapter, we present a mechanical solution
to harvest waste heat.
There are many ways to harvest waste heat, but one promising method is the
use of thermoelectric wafers. When a temperature differential is applied across the
wafer, a voltage develops proportional to that temperature. Typical voltages are often
very low, but the electrical resistance of these wafers is low enough that short-circuit
currents of several amps can be achieved [8]. Power on the order of one watt can
thus be produced from such a device, but this is difficult to harness because of its low
voltage. Alternating low voltages (ac) can be increased using a transformer, but for
constant voltages (dc), microelectronic circuits are typically used. However, electronic
components need a minimum voltage to function, and such converters do not exist
for these low voltages. One method of power collection from thermoelectric wafers
involves using several wafers to achieve increased voltages, but this can be difficult
mechanically as they must be placed electrically in series and thermally in parallel.
We can see that a low input voltage, high input current power converter would be
very useful in reclaiming waste heat.
A homopolar motor is one structure that can process energy with low input volt-
ages and high input currents. It works as follows. The Lorentz force law indicates
that a current carrying conductor in a magnetic field experiences a force proportional
to the cross product of the magnetic field and the current, i.e.
F = Ilx (3.1.1)
Since we have a high current available, we can run it through a high magnetic field. A
cylindrical magnet with a conductive coating can be used for this purpose: if a current
is run between the center and the edge of either circular face, a torque is produced
on the magnet. If this magnet is constrained such that it can only rotate axially, the
system is known as a homopolar motor [11]. The name derives from the fact that
unlike other motors, the current path is the same regardless of the rotation angle of
the shaft. If this motor is mechanically connected to a generator, usable power can be
recovered. A system combining the high-current capabilities of thermoelectric wafers
with the low voltage requirements of a homopolar motor would be a powerful tool in
harnessing waste heat energy.
3.2 Physical System Overview
In this analysis, a commercially available, axially-magnetized cylindrical magnet will
be considered. The complete magnetic field from such a magnet is difficult to model
precisely, but the region of the field with which we are concerned is only within the
magnet itself. This magnet has its poles on the circular faces, and magnetic field
lines exit out of one face, loop around, and enter the other circular face. Inside the
magnet, the field lines run parallel in the axial direction [4].
In order to generate torque from this motor, current will be run through this
magnetic field. We can predict the torque that will be seen by integrating the Lorentz
force along the current flow path. However, the precise path of the current is not
known. Though the magnet has a metallic coating, the magnet itself may be a
conductor as well. However, the net torque in this configuration depends only on the
start and end points of the current path. Consider decomposing any current path
into a "staircase" of differential pathlengths, each parallel to either the r, 2, or 6
direction of the magnet's cylindrical coordinate frame. The force from any segment
is in the direction of I x B, according to the Lorentz force law. Any current in the
2 direction produces no force, as the field lines are parallel to the current flow. Any
current in the 6 direction generates a force towards the central axis of the magnet,
which produces no torque. Currents in the i direction do produce a torque. If the
segment is pointing radially inwards, the torque is generated in the opposite direction
from if the segment is pointing outwards. Summing the torque contribution from
each radial segment, we see that the total torque is a function of only the difference
between the radius of the start and the end of the current path.
Figure 3.2.1: Three arbitrary paths current could take from a point on the side of the
cylindrical magnet to the center of a circular face. All three generate the same net
torque.
Because the torque does not depend on the specific current path, we can calculate
the expected torque using a canonical current path. We will analyze the situation of
current flowing in a thin circular disc under a constant magnetic field. The current
is injected at the center of the disc and removed at the circular edge, as shown in
Figure 3.2.2. The torque on this conductor will be equal to the torque on our motor,
as the current flow in our motor along the side of the magnet does not produce any
torque.
Current Flow
Constant Magnetic Field B
Figure 3.2.2: The path of current flow on the circular disc. On the left, we have a
current flowing outwards on the face of a conductor in a constant magnetic field. On
the right, a differential area rdrdO of current is drawn in more detail.
The first step is to define k,, the linear current density at any radius, as I-. We
can confirm that kr is equal to this by taking the integral around a circular path at
an arbitrary radius r (rdO is used for the differential pathlength because we are in
cylindrical coordinates):
I, = fS2 krrdO
I, = f 2" 7,1r= 2r (3.2.1)
I = If2 7 d6
I, = I
In order to find the total torque, we can integrate torque across the entire disc:
T = d r (3.2.2)
A differential of torque d'r is equal to r x dF from the differential area rdOdr. The
current in this area is equal to the linear current density times the width,
dI = krdO (3.2.3)
The force is given by the Lorentz law:
= fl x B (3.2.4)
The azimuthal differential force in the homopolar motor becomes
dFo = (d I. dr) x
dFO = dIdrBO (3.2.5)
dF = Bkrrddr9
We can then take the cross product of r' x dF to find dT = d-j, and because r' is
outwards and dF is in the 0 direction, this becomes rdF:
7 = jRf02 d
T = fO f0 r x dFI (3.2.6)
7 = fO 2r dF
Now we can substitute the magnitude of dF6 from Equation 3.2.5 in for dF:
T = fo f02 rBkrd0dr
T = Bkr fo RrfdOdr
T = 27Bkr foR rdr (3.2.7)
7 = 2rBk~
T = BI2
We can see that torque is, as predicted, proportional to current, but that it is
also proportional to the surface field strength of the magnet and to the square of
the magnet's radius. Consider a commercially available 0.55 Tesla magnet, of 1
inch diameter. If 5 amps flowed across this magnet, 222 /pN-m of torque would be
generated.
3.3 Electrical Model
It is important to develop an electrical model for this system in order to properly
understand its operation, as well as to choose appropriate applications. This model
has two main components which can be considered and analyzed independently: the
thermoelectric wafer and the motor itself.
The thermoelectric wafer can be modeled as an ideal voltage source in series
with an electrical resistance. This voltage and resistance are each dependent on
temperature. One potential thermoelectric material is bismuth telluride (Bi 2Te 3),
known for its high electrical conductivity, low thermal conductivity, and high Seebeck
coefficient. The Seebeck coefficient gives the ratio of voltage per temperature, and
the low thermal conductivity is necessary to maintain a high temperature differential.
The Seebeck coefficient of Bi 2Te3 has been measured to be between 81 pV/K and 287
,uV/K [8, 12]. The thermal conductivity, 1.20 W [7] is similar to that of glass, and
the electrical resistance ranges from 20 to 70 mf~ as the thickness goes to 1500 pm
[5, 8].
At this point, we need a model for the motor. Any motor can be described as
a resistance in series with a voltage source: the electrical resistance of the windings
(presumed constant) in series with the motor's back EMF (a function of rotation
speed). For this motor, however, we must consider the electrical resistance in more
detail. The total resistance is the sum of that of the wires, the brushes, and the
motor internals. The resistance of the brushes is dependent on speed; at rest and
at low speeds the brushes make consistent contact, but at higher rates of rotation
the contact area decreases as the brush bounces slightly on the moving surface. The
resistance of the wires and the motor is expected to be small compared to that of the
brushes, but a parasitic resistance is also included in the model. This leaves us with
the resistance of each of the two brushes, in series with the motor's back EMF and a
parasitic resistance. This model can be seen schematically in Figure 3.3.1.
RTE Rparasitic
Current R Brush
VTE VBACK-EMF
R Brush
Figure 3.3.1: Electrical schematic of motor model
The operation of this homopolar motor is notably different from the operation
of standard DC motors. A typical motor is run from either a constant voltage or
constant current source. If a constant voltage source is used, the voltage drop over
the low-resistance windings is a small fraction of the source voltage, and the motor
accelerates until the back EMF is roughly equal to the source voltage, with only
enough current flowing to provide torque to overcome the friction at this speed. If a
constant current is applied, a constant torque is produced, and the motor accelerates
until the resistance torque (which increases with speed) is equal to the commanded
torque.
Consider the application of our motor to a theoretical 100 mV, 10 mQ thermoelec-
tric wafer (not necessarily Bi 2Te3). The most current that this could possibly source
would be 10 amps, so our motor would have to have a bearing friction well under 444
pN-m (using the magnet described in Section 3.2). However, if the resistance of the
motor components is 10 mQ then only 5 amps flow, so the available torque is only 222
LpNm, for both the bearings and the output power generation. Ideally, the electrical
and mechanical resistances should each be as low as possible.
3.4 Design and Construction of Test Apparatus
Figure 3.4.1 shows the overall structure of our test apparatus.
SSteel Pin
Upper Pin
Bearing Steel Socket
Insulator Aluminum
Brush
Copper
Block
Lower Pin
Bearing and
Brush
Figure 3.4.1: Drawing of proof-of-concept test setup. The components are labeled on
the left and the power supply connection is shown on the right.
3.4.1 Bearings
Because the motor must be rotated by only the very low torques produced by the mo-
tor, the frictional losses in the bearings must also be very low. As discussed in Section
3.2, a reasonable torque expectation for this motor might be 200-500 pN-m. Com-
mercial ball-type and roller-type bearings are optimized for high loads or operation
speeds, and have friction in the thousands to millions of pN.m.
In order to solve this problem, a different bearing technology was implemented.
These bearings are known as pin bearings. A small indentation is drilled into the
end of a cylindrical bar (the socket), and another bar is ground to a sharp point (the
pin). By placing one of these bearings at each end of a rigid body, the system is
constrained to rotational motion.
In order to minimize radial forces on the bearings, the motor is oriented vertically,
with one pin bearing at the top and one at the bottom. Each of these bearings serves
a somewhat different purpose. The majority of the frictional force comes from the
bottom bearing, as the entire weight of the motor rests upon it. The upper bearings
serves mainly to keep the motor from unseating itself at the bottom, and to ensure
that the stack cannot wobble.
The larger an indentation, the more surface area exists between the pin and the
rotating socket. This area can be minimized by only drilling a small indentation, and
friction can also be minimized by adding a lubricant. In order to prevent the parts
from deforming over time, which would lead to increased surface area and friction,
wear-resistant W1 tool steel is used for the pins and sockets.
Lower Pin Bearing
"Rattle" "Rattle"
Upper Pin Bearing
Figure 3.4.2: Drawing of pin bearings (not to scale). The upper bearing, shown on
the left, has a larger indentation to facilitate assembly. The lower bearing, shown on
the right, has a small indentation to reduce friction.
A drawing of the bearings used in this experimental setup is provided in Figure
3.4.2. Each pin is threaded, so that fine adjustments can be made to the distance
between the pin points. The indentation at the bottom is very small (under Imm) to
minimize friction forces due to surface area. The upper indentation is larger (5mm)
so that a small error in pin adjustment leads to rattle rather than the machine falling
apart. The pins start loose and are tightened by hand until the stack does not rattle
as it spins, with care being taken not to introduce extra axial force by over-tightening.
3.4.2 Brushes
Typical motors transfer current between two sliding surfaces using a block of carbon
known as a brush. These brushes are made from graphite, and they slide against
copper contact surfaces. Their electrical resistance is low, but it is on the order of
1 , rather than the mQ levels required for this motor. Another standard, albeit
older, option is a brush made from stranded copper wire, but the mechanical friction
inherent in this option makes it also unsuitable for our motor.
Because the friction must be very low (under 200 /pN.m, see Section 3.2, 3.3), the
brush technology used involves a single copper conductor held stationary against the
rotating surface of the magnet. The brush must be flexible, as the magnet does not
spin exactly in place, and the copper must move to keep in contact. For this motor,
a length of single stranded 18 gauge wire was used, with a small spring applying a
light pressure against the magnet.
The force of the brush on the magnet can be varied with the tension of the
spring. As the force increases, the brush deforms slightly against the magnet, and
the contact area with the magnet increases. This leads to lower electrical resistance,
but the higher force leads to increased mechanical resistance. For this experimental
setup, the spring was adjusted by hand until the friction was low enough that the
motor would rotate easily with five amps of current, while keeping the tension high
enough that there were not visible sparks between the brush and the magnet coating.
It is preferable to have as few of these brushes as possible, to minimize both
electrical and mechanical resistance. Since current needs to be carried both to and
away from the magnet, it would seem that two brushes are necessary. However, it
is possible to use one of the pin bearings as a brush itself, without introducing any
extra mechanical friction.
If we use one of the pin bearings as a brush, we must reconsider the design de-
cisions of this bearing. While a small contact area leads to low friction, it leads to
higher electrical resistance. However, as we will see in Section 3.5.2, the electrical
resistance of a pin bearing with a very small socket is still under one quarter of the
resistance of the wire brush. Additionally, attention must now be paid to the lubri-
cant used. An insulating lubricant would increase resistance, so an electrical contact
grease containing copper particles is used in this setup. The bottom pin bearing is
used as the brush because it is always in physical contact, whereas the top bearing, if
properly tightened, has a slight rattle. Experimentally, the upper bearing was found
to have three times the electrical resistance of the lower bearing.
3.5 Results and Analysis
3.5.1 Calculation of Motor Parameters
In order to characterize the performance of this motor, we can define several measur-
able motor parameters, as well as the procedure for their calculation.
Motor Constants
Perhaps the most important parameter of a motor is that which is known as the
electromotive force constant, Ke. This constant relates the back EMF of the motor
to its rotational speed. This relationship is linear:
VBACK-EMF = Ke W. (3.5.1)
Also important is the relationship between motor torque and current. Since the
Lorentz force law is linear with current, it is not surprising that motor torque is
linear with current, and the ratio is known as the torque constant Kt, viz
7 = K, -I. (3.5.2)
Ke has units of Volt while Kt has units of Newtonmeter Since 1 V = 1A mradian/second' Amp rad/sec A
these units are equivalent. The electrical power into the motor is given by I - V,
whereas the mechanical power out of the motor is 7 -w. Setting these quantities equal
(since the motor has no energy storage), and substituting Equations 3.5.1 and 3.5.2
for V and 7 respectively,
I-Ke-w = KtIw (3(3.5.3)
Ke = Kt
we find that Ke and Kt should be equal.
Mechanical Losses
In order to determine the mechanical friction of the various bearings and brushes, we
can see how the motor, spun up to an initial speed, slows over time. A test without
the brush gives the friction of the bearings alone. A test with both the bearings and
the brush can be used to determine the contribution of the brush alone.
Electrical Losses
For testing, this motor was run from a constant current source. Although the electrical
resistance of the various components is not constant, it only depends on the motor
velocity, not the current flow, so we can use the voltage drop across any component
to determine its electrical resistance. These voltage drops can be easily measured
with a multimeter. Although this requires touching a probe to the spinning motor,
this can be done with low friction because no current flows through the probe, so the
electrical resistance of this path does not need to be small.
3.5.2 Experimental Validation
In order to validate the calculations and assumptions above, a proof-of-concept test
setup has been created. This setup uses a vertical orientation and pin bearings as
described in Section 3.4.1 and brushes as discussed in Section 3.4.2, including using
the lower pin bearing as a brush. A commercially available Neodymium-Iron-Boron
magnet is used because of the high field strengths available in this material. This
magnet is a 1 inch diameter by 1 inch long cylinder, and has a surface field of 0.55
tesla as measured by a gaussmeter. Its weight was measured to be 97 grams. A
schematic of this setup is shown in Figure 3.4.1.
Data Collection
In order to determine the mechanical frictions present in this device, we measure the
time decay of the rotational velocity of the system after it is accelerated to an initial
speed. To do this, we spin the motor at a range of initial speeds, and record the
time it takes to slow to rest from each. The initial speed is set using a commercial
DC motor running off a constant voltage, and the initial speed is recorded using an
optical tachometer. By plotting the initial rotational velocity against the negative of
the spin-down time, we can see the evolution of the velocity over time.
Electrical resistance measurements were taken as described in section 3.5.1, using
a multimeter and a high resistance, low friction brush. The motor was run from a
constant current five-amp source during these measurements, allowing us to determine
the resistance by dividing voltage drop by current.
Electromotive Force Constant
In order to determine the electromotive force constant Ke of the motor, it was spun
at a range of angular velocities and the back EMF was measured for each. Figure
3.5.1 shows the actual data along with a linear fit. Table 3.5.1 gives the details of the
fit. We can see that the data is quite linear, with an adjusted R 2 value of 0.999 for
the linear fit. Ke is equal to the slope of the fit, 82 . This is somewhat surprising,
as the theoretical maximum Kt for this motor is only 44v (see Section 3.2), and
the motor constants should be equal.
Slope Intercept Adjusted R 2
0.0821 mv -0.047 mV 0.999
rad/s
Table 3.5.1: Details of linear fit for Ke
Electrical Resistances
The electrical resistances of the components of our test system were determined with
the system running from a 5A constant current power source. The voltage drops
across the wire leading to the brush contact area, the brush contact itself, the motor
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Figure 3.5.1: Plot of back EMF vs rotation speed with linear fit. The adjusted R 2
for the fit is 0.9998, showing very good agreement with the linear model.
stack, and the lower pin bearing were measured. The results are summarized in Table
3.5.2. The resistance from the wire could be reduced by using a thicker wire, and the
resistance from the stack could be reduced by joining the components with conductive
epoxy, but it is unlikely that the overall resistance could go below 250 mQ with this
brush technology.
Component Voltage drop (mV) Resistance (mQ)
Wire to brush 60 12
Brush 220 44
Motor stack 20 4
Pin bearing 50 10
Table 3.5.2: Electrical resistances of motor components at 5 amps
Mechanical Friction
The simple Coulomb model of friction states that it is equal to the product of the
normal force and the coefficient of friction. If this is the case for our motor, we would
expect to see constant frictional force leading to a constant rotational deceleration.
Plots of the velocity decay of the motor under two different types of oppositional
torque are shown in Figure 3.5.2 along with linear fits to the data. The details of the
fits are given in Table 3.5.3. In the first experiment, the motor is allowed to spin down
with the brush disengaged, so that the only friction comes from the pin bearings and
the air. In the second, the brush is engaged, so that we may see the difference in
frictional torque it creates.
Situation Slope Intercept Adjusted R2  Torque
Bearings Only 5.90 rad/s 2  -12.89 rad/s 0.973 143 pN-m
Bearings + Brush 12.18 rad/s 2  0.594 rad/s 0.999 295 pN-m
Table 3.5.3: Details of linear fits to deceleration curve under different torque condi-
tions. Rotational inertia of rotating body is 24.24 (mm) 2kg.
In both cases, we see extremely good agreement with the linear model. By taking
the slope of the fit to each data set, we can see the rate at which velocity decreases,
also known as the angular acceleration a. Dividing this rate by the rotational inertia
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Figure 3.5.2: Velocity decay of motor under various torque conditions
of the motor stack, 24.24 (mm) 2 kg, gives the oppositional torque present in each
situation. We see that the bearings alone contribute 143 uN-m of friction, with the
brush adding an additional 152 pN.m.
3.6 Conclusion
In this chapter, we discussed the creation of a low voltage homopolar motor. While we
were not able to get the electrical resistance or the mechanical resistance low enough
for this motor to feasibly run from any current thermoelectric wafer technology, we
were able to achieve brushes and bearings with electrical resistance as low as 70 mQ
and friction torque under 300 pN.m.
One possible solution to the problems of resistance and friction involves a brush
using a conducting fluid. If, instead of sliding one metal contact against another as
the motor rotated, a fluid such as mercury, gallium, or brine maintained an electrical
flow path, the performance of the motor should increase significantly, bringing it into
. i m I $II
range for realistic use with today's thermoelectric wafers.
One other issue that deserves further exploration is the difference between our
theoretically calculated value for kt (44 v) and our experimentally determined
k, (82 r ), using a one inch diameter, 0.55 tesla surface field strength cylindrical
magnet. We would expect these to be equal, or for the theoretical value to exceed
the actual value.
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Chapter 4
Use of Waste Heat for Household
Water Heating
4.1 Background
In Chapter 3, we discussed a method by which waste heat could be harnessed as the
power source for a novel thermoelectric powered generator. In this chapter, we will
look at using waste heat in a home to save on water heating costs. Most electric
devices in the home are inefficient, and their waste heat is rejected to the air, leading
to increased cooling costs. For example, a fluorescent lamp uses 100W, a personal
computer uses 100-200W, and a refrigerator uses 700W intermittently, 150W average
[10]. A house's water heater consumes 3000W intermittently, 200W per person av-
erage, to provide the hot water supply. If the waste heat from household electronic
appliances could be cheaply applied to the task of hot water heating, a significant
savings could be realized.
Some appliances, such as the computer and the refrigerator, do no work, and
as such all of the energy they consume is ultimately rejected as heat energy to the
home. Other devices, such as battery chargers and fluorescent lamps, deliver energy
in form of charging the batteries, heating the fluorescent bulbs, or delivering light
to the room. If these devices are not perfectly efficient, the waste heat generated is
rejected to the room.
4.1.1 Waste Heat From Refrigerators
Research has been done which focuses on using the waste heat from a refrigerator
as a multipurpose heater (for food warming, fermentation, etc.) [9]. A refrigerator
works by compressing a refrigerant, so that it increases in temperature, and pumping
it through a set of coils in thermal communication with the room temperature air.
After it is cooled, it is allowed to decompress, cooling it further, and this is used to
chill the contents of the refrigerator. These coils in the back of the unit are known
as the heat exchanger. Other existing work involves modifying the heat exchanger
of a refrigerator for residential type water heating [13]. In this thesis, we present a
mechanical interface by which any device may be attached to a water heater with a
low thermal resistance. In addition to reducing the power consumption of the heater,
this has the added benefit of passively cooling the attached device while avoiding the
additional unwanted heat in the home.
4.1.2 Heat Pipes
One technology that will allow us to successfully transfer energy from such devices
to the water in the heater is heat pipes [6, 14]. A heat pipe allows transfer of energy
from one end to the other with very low temperature difference. It consists of a
sealed vessel containing a fixed mass of one pure substance, which exists in the liquid
and vapor phases. When heat is applied to the end of the heat pipe known as the
evaporator, the liquid at that end vaporizes. This hot vapor travels to the condenser,
where it condenses back into the liquid phase. The liquid is returned to the evaporator
by gravity or a porous wicking material which works by capillary action. A canonical
heat pipe is shown in Figure 4.1.1. As an example, consider a copper cylinder 3mm
in diameter and 10cm long. This device would require a temperature difference of
over 350 K to transport 10 W, whereas a heat pipe of the same dimensions in the
same conditions would only have a temperature difference of 5 K [14].
This thesis discusses one possible design for a standardized, economical interface
for attaching heat-producing devices to a household water heater. The production
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Figure 4.1.1: A canonical heat pipe
process for water heaters can be modified with minimal added manufacturing cost.
The design includes three possible ways for the water heater manufacturer to imple-
ment this interface, and several ways for the electronics manufacturer to interface
with the water heater.
4.2 Hot Water Heater Interfaces for Cylindrical
Heat Pipes
This section presents one possible interface design, and analyzes several different
implementation options for both the water heater manufacturer and the electronics
manufacturer. The basic interface is a one-inch by eight-threads-per-inch threaded
hole in the bottom of the water heater, as shown in Figure 4.2.1. Each heater will
have many of these threaded holes, with provisions made to seal those that are not
being used. Heat pipes which are attached to the electronic loads will screw into
these holes and contact the water in the heater directly.
Threads
One inch hole punched
in bottom of heater
Figure 4.2.1: Diagram of the plugged water heater interface. The holes each are
shipped sealed with a plug (not shown), which much be removed prior to device
installation. Devices cannot be added or removed without first emptying the tank.
4.2.1 The Water Heater
The interface specifies that a one inch threaded hole must be present in the bottom
of the heater. The simplest and cheapest method of implementing this is to punch
a hole and thread it, as shown in Figure 4.2.1. If the hole is made with a punch of
a smaller diameter and a die of a larger diameter, the metal will be bent inward, so
that material exists for threading. In order to keep water from exiting out of unused
holes, each will come with a threaded plug installed. Before filling the heater with
water, the user must install the number of devices he wishes to use. Every time the
user wishes to insert, remove, or exchange a device, the heater must be emptied of
water. We can see that this method is simple and cheap, but rather inconvenient for
the user.
A slightly more complex modification of the first idea involves the addition of a foil
seal. This is depicted in Figure 4.2.2. With this foil seal added, the hole stays closed
until a device is installed in it, at which time it becomes identical to the previous
model. This presents a higher cost for the water heater manufacturer, as the seal must
be installed from the inside. However, a typical user may now freely add devices to
his water heating system without first emptying the tank. Changing or removing
devices still requires draining the water, and the latter also requires the addition of a
threaded plug, as the seal is not reusable.
Foil seal Threads
One inch hole punched
in bottom of heater
Figure 4.2.2: Diagram of one-shot water heater interface. The holes each are shipped
with a foil seal, which is removed by the first device installed. Devices may be added,
but not removed, without emptying the tank.
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Figure 4.2.3: Diagram of hot-swappable water heater interface. The holes each are
closed by a spring-loaded seal. Devices may be freely added and removed at any time.
Ideally, the user would be able to add, remove, or change devices without having
to empty the hot water tank. This could be achieved with a spring-loaded seal, as
shown in Figure 4.2.3. Every time a device was removed, a small quantity of water
would exit the tank. This configuration presents maximum convenience to the user,
but a significantly increased cost to the manufacturer, as the operations required to
construct this seal are much more complex than the simple metal bending and welding
currently used to construct a water heater.
4.2.2 Heat Pipe Design and Electronics Interface
The heat pipe interface designs were also conceived with the needs of the electronics
manufacturer in mind. Here we present two options for the attachment of the heat
pipe to the water heater and two ideas for the shape of the heat pipe itself with the
electronics interface in mind
Attachment
There are several possible ways that the electronic device with heat pipe could attach
to the one-inch threaded hole in the water heater. The most obvious and simplest
method is for the heat pipe itself to be one inch in diameter, threaded on the outside.
The user would then simply screw the entire appliance into the bottom of the water
heater. This has the advantages of being cheap to manufacture as well as simple for
the user to install. On the other hand, repeated rotation of the appliance requires
that all connecting wires must be unplugged, which would prevent currently operating
devices from being installed without being powered down. Additionally, this cannot
be done by an untrained homeowner for some appliances, such as the wires between
a fluorescent lamp ballast and the lamp bulbs, or the refrigerant coil running to a
refrigerator's heat exchanger.
Another alternative is shown in Figure 4.2.4. An adaptor, threaded on the outside
and reverse-threaded on the inside, is used to attach a smaller, reverse-threaded heat
pipe to the water heater. The reverse threads on the outside of the heat pipe match
the reverse threads on the inside of the adaptor. This alternative has the benefit that
an appliance can be installed without needing to rotate. If the adaptor is turned,
while the appliance is held rotationally still, the appliance rises in place. The bottom
portion of the adaptor is not threaded, but machined such that it can be grasped by
a large wrench. For the electronics manufacturer, this is only slightly more expensive
than the first attachment method, as it merely requires using a smaller heat pipe
and including an adaptor, which can be made out of any material. A mechanically-
inclined homeowner would then be able to install and remove his appliances without
the need of a trained professional.
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Figure 4.2.4: A drawing of the second heat pipe attachment method. The dual
threading on the adaptor allows the heat pipe to rise in place without rotating.
Heat Pipe Shape and Electronics Interface
In the previous sections we discussed some possible ways to attach a heat pipe to
a water heater. Once the upper surface of the pipe is immersed in the hot water,
the lower surface will not be able to rise significantly above the ambient hot water
temperature (often 20 to 60 'C). In this section we focus on the shape of the lower
end of the heat pipe and how it is attached to the load.
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Figure 4.2.5: Three different possible shapes of heat pipe. On the left, a cylindrical
heat pipe economically cools a small area. The conical heat pipe at right cools a
larger area, but at a higher cost of manufacture.
The most simple idea is a cylindrical heat pipe, seen at left in figure 4.2.5, which
attaches to the top of a load with a small circular area. This portion of the appliance is
effectively cooled, but the load may generate heat over a large area, and conventional
higher resistance heat sinks would need to be used to transport that energy to the
small surface area of the heat pipe.
One possible solution to this is to use a cone-shaped heat pipe base, as seen on
the right in figure 4.2.5. This has the advantage of being able to cool a large load
area, but the cost of manufacture would likely be higher than the first option.
Chapter 5
Conclusion
Energy conservation continues to be an important topic of discussion. In this the-
sis, we have presented three different mechanical structures which facilitate efficient
energy systems.
In Chapter 2, we discussed Cooley's proximity detecting fluorescent lamp modifi-
cation [3]. By suspending an electrode near the fluorescent bulbs and measuring the
stray electric field, the presence of a person could be determined and the light could
be increased to full power only as needed. We presented an integrated bulb socket and
electrode holder, which addresses one marketability concern of the proposed retrofit
option.
In Chapter 3, we discussed the combination of low voltage thermoelectric wafers
with a homopolar motor in order to produce usable power from a waste heat source
[8]. We constructed a proof-of-concept test apparatus, and while we were not able to
achieve the desired levels of resistance, we were able to achieve brushes and bearings
with electrical resistance as low as 70 mQ and friction torque under 300 pN-m. In our
test setup we measured an electromotive force constant of 82 V from a one inch
diameter, 0.55 tesla cylindrical magnet.
Chapter 4 discussed the reuse of waste energy for household water heating. A novel
household water heater was proposed with an attachment interface for an appliance to
reject its waste heat into the water, saving electricity and passively cooling the device.
Three different methods for closing the unused interfaces were discussed, ranging in
cost and usability. A heat pipe conduction system was described for transporting the
heat, with two different attachment technologies and two different heat pipe shapes.
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